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Abstract: The functions of life are accomplished by systems 
exhibiting nonlinear kinetics: autocatalysis, in particular, is integral to 
the signal amplification that allows for biological information 
processing. Novel synthetic autocatalytic systems provide a 
foundation for the design of artificial chemical networks capable of 
carrying out complex functions. Here we report a few FeII4L6 cages 
containing BODIPY chromophores having tuneable photosensitizing 
properties. Electron-rich anilines were observed to displace electron-
deficient anilines at the dynamic-covalent imine bonds of these 
cages. When iodoaniline residues were incorporated, heavy-atom 
effects led to enhanced 1O2 production. The incorporation of 
(methylthio)aniline residues into a cage allowed for the design of an 
autocatalytic system: oxidation of the methylthio groups into 
sulfoxides make them electron-deficient and allows their 
displacement by iodoanilines, generating a better photocatalyst and 
accelerating the reaction. 
The development of artificial supramolecular systems 
capable of complex behaviour is a vital strand of current 
enquiry.[1] Understanding how complexity arises in synthetic 
systems has helped to elucidate the origins and functioning of 
life.[2] Processes exhibiting nonlinear kinetics, such as 
autocatalysis, are central to biological systems[3] and may also 
form the basis of adaptable materials that respond to 
environmental stimuli in complex ways.[4]  
Metal-ion mediated self-assembly is a fruitful method for the 
synthesis of complex molecular assemblies.[5] The technique of 
subcomponent self-assembly utilizes the simultaneous formation 
of both dynamic covalent (C=N) and coordinative (N→Metal) 
bonds for the synthesis of three-dimensional structures.[6] 
Because both coordinative and covalent linkages form reversibly 
under conditions of thermodynamic equilibration, structures 
formed using this technique offer more pathways for 
reconfiguration than do structures held together by a single kind 
of dynamic linkage. By employing this methodology, we have 
demonstrated that a variety of metal-organic cage systems can 
be synthesized and tailored for diverse applications. 
We report here a series of FeII4L6 cages 1-5 (Figure 1), 
prepared through the reaction of bis(formylpyridyl) BODIPY L 
(where BODIPY is 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) 
with the anilines A1-A5 and iron(II). The identities of the FeII4L6 
cages were established by one- and two-dimensional NMR and 
ESI-MS (see Supporting Information, Figures S1-S10). The 
energy-minimized structures of these cages (Figure S11) were 
analogous to previously-reported FeII4L6 cages derived from 
linear dialdehyde subcomponents.[7] Their NMR spectra were 
consistent with T point symmetry in solution. 
As the BODIPY unit has been shown to be a competent 
chromophore for the photogeneration of 1O2,[8] we set out to 
investigate the effects of the substituents of the aniline 
subcomponents upon 1O2 photogeneration. We thus monitored 
the ability of cages to generate singlet oxygen by tracking the 
rate of the reaction of photogenerated 1O2 with 1,3-
diphenylisobenzofuran (DPBF), which reacts rapidly with 1O2 
(inset of Figure 2).[8d, 8f] A solution containing both DPBF and 
cage 5 was exposed to light and UV-Vis absorption spectra were 
recorded. As shown in Figures 2 and S12, we observed a 
regular decrease in the absorbance of DPBF as a function of 
light exposure time, which we attribute to the generation of 1O2 
photosensitized by cages. At the same time, the absorption 
bands corresponding to the cages remained unaffected, 
suggesting the cages to be stable under these conditions. The 
quantum yields of singlet oxygen generation (ΦΔ) were 
calculated by using methylene blue as a reference of known 
efficiency.[8d] Cages 1-3, synthesized from non-iodinated anilines, 
exhibited low ΦΔ values (1-2%), whereas cage 5, containing 
iodinated subcomponent A5, exhibited a higher ΦΔ = 4.5%.[9] 
When a mixture of cage 2 and A5 was used as photosensitizer, 
we observed a value of ΦΔ ≈ 2%, which suggested that the 
covalent attachment of the iodine-containing species to the 
BODIPY core is necessary for higher ΦΔ. 
Although these ΦΔ are not competitive with established 
photosensitizers such as methylene blue, the frameworks of 
these cages are dynamic: electron-rich anilines are capable of 
displacing electron-poor aniline residues in subcomponent 
assemblies.[10] We reasoned that the photosensitization 
efficiency of cages could be tuned via subcomponent exchange, 
ultimately allowing cages to act as both photosensitizers and 
substrates for reaction with photogenerated 1O2 in an 
autocatalytic process. In order to verify this hypothesis, we 
carried out a transformation in which cage 1 containing electron-
poor aniline A1 (Hammett σpara = 0.50[11]) and having low 1O2 
generation efficiency was transformed into cage 5 by the 
addition of A5 (σpara = 0.18) (Figure 3). Cage 5 thus formed 
exhibited higher 1O2 generation efficiency than cage 1. This 
efficiency was subsequently lowered following exchange of the 
A5 residues for more electron-rich non-iodinated aniline A2 (σpara 
= −0.27). Although the singlet oxygen generation efficiency of 
these cages is modest compared to well-established 
photosensitizers,[12],[13] the dynamic nature of the imine bonds in 
the cages allows for tuning of the singlet oxygen generation 
efficiency from an initial low rate to a higher rate, and 
subsequently back to a lower rate, which would be challenging 
via conventional methodologies. 
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Figure 1. Subcomponent self-assembly of the bis(formylpyridyl)BODIPY L with anilines A1-A5 and FeII(NTf2)2 to form FeII4L6 cages 1-5. The structure of only one 
edge is shown for clarity. 
 
Figure 2. UV-vis spectrum of cage 5 (- - -) and the changes in the absorption 
spectrum of a mixture of cage 5 (1 μM) and DPBF (6.1 μM) in acetonitrile as a 
function of irradiation time. Inset shows the reaction of singlet oxygen with 1,3-
diphenylisobenzofuran (DPBF). 
 
Figure 3. (A) Partial 1H NMR spectra in CD3CN of (i) cage 1, (ii) cage 5 
obtained after addition of A5 to cage 1, and (iii) cage 2 obtained after addition 
of A2 to cage 5. The resonances corresponding to excess subcomponents A1, 
A5 and A2 are also labelled. (B) Increase in the quantum yield of singlet 
oxygen generation (ΦΔ) upon the conversion of cage 1 into cage 5 after the 
addition of 4-iodoaniline (A5), followed by the decrease in ΦΔ upon the 
conversion of cage 5 into cage 2 after the addition of 4-methoxyaniline (A2).  
We then investigated the consequences of a cage 
performing dual roles: as both photosensitizer, and as substrate 
for the photo-generated singlet oxygen. We hypothesized that 
such a system would exhibit autocatalytic properties: Cage 3 
contains 4-(methylthio)aniline (A3, σpara = 0.0) residues, which 
could undergo photooxidation to become electron-deficient 4-
(methylsulfinyl)aniline (A4, σpara = 0.49) residues (Figure 4).[14] If 
this reaction were to be carried out in the presence of aniline A5 
(σpara = 0.18), A4 would be displaced by the more electron-rich 
A5, leading to the generation of cage 5. Crucially, as this 
transformation proceeds, the incorporation of progressively more 
iodinated A5 residues will increase the photosensitization 
efficiency of the system, thereby generating more singlet oxygen 
which in turn increases the rate of photooxidation of A3 to A4. 
Progressive substitution will thus increase the rate of the 
photooxidation of the A3 residues, a behavior characteristic of an 
autocatalytic system, wherein the rate of reaction accelerates as 
it progresses.[3] 
 
Figure 4. Schematic representation of the autocatalytic photo-oxidation 
process that results in accelerating substitution of A5 for A3 residues on the 
framework of 3. (i) equilibrium subcomponent substitution occurs to a limited 
degree (Keq = 0.084) in the dark. (ii) 3O2 is converted into 1O2 more efficiently 
by cages that contain progressively more A5 residues as the reaction 
continues, accelerating it. (iii) 1O2 reacts with A3 residues, converting them 
into electron-poor A4 residues, which are then (iv) displaced by A5, increasing 
by one the number (n) of A5 residues. 
Figure S13A shows the 1H NMR spectrum of cage 3 to which 
A5 was added. The reaction medium was then saturated with O2 
and exposed to light. After 58 hours of illumination, we observed 
new multiple peaks (mp) overlapping with the Hj and Hk doublets 
of cage 3 at δ = 5.57 and 7.11 ppm (Figures S13B-E). 
Concomitantly, new peaks were observed at 5.34 (mp), 6.65 (d) 
and 7.62 ppm (mp), whose intensity increased at the expense of 
peaks at 5.57 and 7.11 ppm as the reaction continued. We also 
observed a small upfield shift (Δδ = 0.03) of the signal at 6.65 
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ppm. As described below, these observations are in accordance 
with the anticipated photooxidation of cage 3. 
We attribute the appearance of multiple peaks during the 
course of the reaction to the generation of a dynamic library of 
cages.[10b] As the photosensitized oxidation proceeds, three 
kinds of aniline residues are present in the library: A3 from cage 
3, A4 from the product of photooxidation, and the added A5. Six 
potential bis(iminopyridyl)BODIPY ligands are thus present: 
three homotopic and three heterotopic, which could form 91 
constitutionally distinct cages,[15] leading to the complexity of the 
observed 1H NMR spectra. Chemical shift values of the new 
peaks at 5.34 and 7.62 ppm were comparable to those of the Hj 
and Hk protons of cage 5 (Figure S13F), which is consistent with 
the incorporation of A5 residues into the cage. Mass 
spectrometry also supported the presence of a multitude of 
multiply substituted cage species, containing all three kinds of 
aniline residues (Figure S14). A complete transformation of the 
dynamic library into cage 5 was not observed even after 
prolonged exposure to light and oxygen (13 days at 60 °C). 
We tracked the concentration of the displaced aniline 
through 1H NMR integration as the reaction progressed. As 
shown in Figure 5 (top trace (▲)), the concentration was 
observed to increase rapidly during the first ~75 h. An 
intermediate stage was then observed (from 75 h to 250 h), 
where the rate of substitution was lower. Finally, the rate 
increased in an exponential fashion after 250 h. We did not 
observe a final sigmoidal plateau because the NMR peaks 
broadened, possibly due to a buildup of paramagnetic FeIII 
produced under oxidizing conditions over several hundred hours. 
 
Figure 5. Observed increase in the concentration of the displaced aniline as a 
function of time upon irradiating a mixture of cage 3 and A5 in acetonitrile 
under different reaction conditions. The arrow indicates the point at which the 
reaction mixture followed in the lower trace was exposed to O2 and light. 
We infer that the initial rapid release of A3 is due to an imine 
exchange reaction that then slows as equilibrium, mostly 
favoring A3 incorporation, is reached. The induction period that 
follows involves photooxidation of A3 to A4 followed by release of 
A4, slowly at first, and then more rapidly as autocatalysis sets in. 
The incorporation of iodoaniline A5 residues into the cage 
increases the 1O2 generation efficiency, in turn increasing the 
rate of the oxidation step. 
We propose the following set of equations to describe the 
autocatalytic cycle.[16] 
5 + 3O2 → 5 + 1O2  (1) 
3 + 1O2 → 4    (2) 
4 + A5 → 5 + A4    (3) 
This system of equations describes an indirect autocatalysis, 
one of the many types of autocatalysis.[17] Oxygen and light 
participate in the autocatalytic cycle by creating an electron-
deficient subcomponent (A4), the displacement of which 
becomes thermodynamically favorable during subcomponent 
substitution. This proposed mechanism is consistent with the 
kinetic data (See Supporting Section S6 for a detailed analysis). 
We carried out a control experiment to test our interpretation 
of these events, wherein the same transformations were carried 
out in the absence of light and oxygen (Figure S17). An initial 
exponential rise in the production of A3 (Figure 5, lower trace 
(●)) was observed, with an observed rate constant k1obs = 0.018 
± 0.002 h–1, continuing to equilibrium (Keq = 0.084 ± 0.002). 
However, we did not observe the second exponential rise in the 
absence of oxygen and light. When the reaction medium was 
subsequently saturated with oxygen and exposed to light, we 
observed the characteristic induction period followed by a rapid 
increase in the rate of the reaction with k2obs ≈ 45 M–1 h–1. This 
control experiment thus supports our hypothesis that 
photooxidation-driven subcomponent exchange is responsible 
for autocatalysis. 
Comparison of the two experiments of Figure 5 provides 
further confirmation of autocatalysis: The more rapid initial rise in 
the rate of substitution in the light reaction (top trace (▲)) as 
compared to the dark reaction (lower trace (●)) is inferred to be 
due to the greater degree of incorporation of A5 residues at 
earlier times, which engenders a progressively faster 
substitution rate in the light reaction. If the substitution observed 
in the light reaction were simply due to a pre-equilibration (as in 
the dark reaction) followed by displacement of photo-generated 
A4 residues, where these residues were being generated at a 
constant rate, no upward trend in the reaction rate with time 
would be observed. This trend is consistent with a more effective 
catalyst being generated as more A5 residues are incorporated. 
None of the bis(iminopyridyl) BODIPY cage ligands (Figure 
1) were observed to form in the absence of FeII templates, in 
keeping with our previous observations that metal templation is 
required to stabilize the dynamic imino(pyridine) linkages against 
hydrolysis.[6-7] We thus infer that the cage itself plays an integral 
role in the autocatalytic system, as any ligand incorporating A5 
residues would hydrolyze rapidly under our experimental 
conditions in the absence of metal; isolated cage struts appear 
insufficiently stable to enable the autocatalytic process to 
proceed. 
In summary, by integrating principles of self-assembly and 
photochemistry, we have demonstrated that the 
photosensitization efficiency of metal-organic FeII4L6 cages could 
be tuned by subcomponent exchange, which allowed the 
possibility of post-assembly modification of the cage’s structure 
and reactivity. The ability of the cage to photosensitize singlet 
oxygen formation can be tuned: substitution with iodoaniline 
subcomponents enhanced the photosensitization, whereas 
methoxyaniline diminished it. The singlet oxygen produced was 
found to oxidize (methylthio)aniline residues, rendering them 
more readily displaced by iodoaniline, which leads to 
accelerated photosensitization and an autocatalytic cycle.  
Because both a separate molecule (DPBF) and the cage 
framework itself are able to serve as photooxidation substrates, 
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this cage system might be incorporated into more complex 
systems. Signal molecules (such as anilines) could be passed to 
the autocatalytic cycle, enabling the oxidation reaction to be 
upregulated or downregulated, and the oxidation products 
themselves could serve as signals to another process. The 
gearing together of such cycles is an important future direction 
enabled by this work. 
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A series of FeII4L6 cages is reported, which incorporate1O2-sensitizing groups and 
dynamic-covalent imine bonds. The incorporation of oxidizable (methylthio)aniline 
residues into a cage allowed for the design of a system where photooxidation 
became autocatalytic: transformation of methylthio groups into sulfoxides renders 
the aniline residues electron-deficient enough for them to be displaced by 
iodoanilines, generating a better photocatalyst and accelerating the reaction. 
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